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Abstract. The production o isolated single wall carbon renotubes (SWNTS) is acaomplished
using the laser oven process Materid is colleded on quartz substrates at different locaions in the
laser oven for a variety of flow condtions. The lengths and dameter distributions of the nanotubes
are measured dredly (withou additional processng steps) using AFM. Preliminary Raman data
taken using 2D scansindicae the feasihility of this technique for length and dameter determination.
The AFM study indicated the formation d longindividual nanctubes, which then seam to coalesce
into higger bundes. The role of the inner tube of the flow-tube set up is confirmed to improve
interadions between SWNTSs resulting in formation d bundes. Flowing bufer gas sems to
influencethe dispersion d particulate material in the nanctube product.

INTRODUCTION

Carbon nanatubes ae normally foundasropesbundesof single wall or multiwall
tubes Most of the aurrent work ison single wall nanctubes(SWNTSs) becauseof their
superior thermal, medianicd and eledricd properties ©mpared to multiwall
nanctubes (MWNTS), reallting in many pacssble gplicaions [1-3]. For the
development of composite materials that can be reinforced medianicaly by the
nanctubes isauesof criticd length and aged ratio are important. Recent caculations
[4] indicate that the lengths of the individual SWNTSs need to be more than 10pum in
order to transfer individual tube drength to abunde. Bundeshave to be sgarated in
order to olsave and measire individual tubes Some reseachers have tried to infer
the lengths of nanatubesby chromatographic methods [5], AFM and from scdtering
methods [6]. Thesereallts sow tubesthat may be too short after processng to be
usdul in composites However, a receit measirement of tensile grength seems to
indicae longer tubes[7]. It istherefore important to determine if the nanctubes ae
inherently long when they are produced and whether they get shorter during
purification and processng. In order to be ale to look at pristine SWNTS, “witness
plates” (opticd quality quartz flats and microsmpe dideg are placad at different
locations in the lase oven. The roughressof such substratesis worsethan namally
usad mica or silicon, bu still adequate, and ranctubes bind well enoughto allow
AFM imaging.
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FIGURE 1. Lay out of the setup (doulde-pulse laser oven production pocessat 147X with argor
flowing at 500Torr) for SWNT deposition dredly on quartz flats that can be used as AFM substrates.

EXPERIMENTAL DETAILS

The experiments ae caried ou in ou pulsal lase vaporizaion seup, which is
descibed in an ealier communicaion [8]. Eight witnessplates ae placal as fiown
in Fig. 1.0Oncethe lase furnaceis runnng, the lase bean shutters ae opened briefly
(0.5 seq to deposit nanctubesonto the plates Similar teds are conduwcted under run
condtions with the gasflow stopped and withou the inner tube to evaluate the dfed
of fluid flow changes ad confinement of the plume. Plates a&e imaged in Digital
Instruments Nanasaope Il a, operating in the tapping mode. The height resdlution is
abou 0.1 M and we auld image individual nanotubes and ropes Raman spedra
from thesewitnessplates ae obtained ona microprobe gage (2u lase spot of 782
nm) of a Renishaw spedrometer using 2D scais with 0.5 step size

RESULT SAND DISCUSSON
AFM Data

Productionruns & 1473K have produced some nanctubes ¢oseto the target (plates
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FIGURE 2. AFM image and correspondng teight profiles of plate #3 exposed for 0.5 semnds,
without inner tube and argonflowing at 100 scam. @) Individual tube, 1.25 rm diameter and >22 um
long b) Individua tube, 0.86 nm diameter, >18 um long c¢) Short tube, 0.8 nm diameter, 0.38 um
long d) Tapered bunde.
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FIGURE 3. Diameter and length dstributions of as prepared SWNTs on quartz substrates inside the
laser oven at two dfferent distances from the target. Notice shift towards more individual nanctubes
and small er diameter bundes closer to the target (1).

# 1, 2and 3with the inner tube and dates#3, 4and 5withou the inner tube) and
amost nothing onthe reg of the witnessplates (Fig. 2). Statistics on lengths and
diameters obtained from AFM measirements is preseited in Figure 3. It is important
to emphasze that most length measirements ae lower edimates and renctubes ae
definitely longer.

Far from the target we see Bmost exclusively bundes while doseto the target we
see a ignificant fradion o individual tubes and the bundes ae generally much
thinner (Fig. 3. This sows that nanctubes form within the alation gume ad
propagate avay from the target asit expands. As they fly away, they collide with
eat other and form bundes hence more bundes ad thicker bundes ae found
farther away from the target. Relative numbers of individual nanctubesvs. bundes
deposited onthe platesis dways higher in experiments withou the inner tube. In the
presaice of the inner tube, the volume into which the plume epands is snaller.
Therefore the number density of nanctubes is higher, increasng the likelihood d
tubes olli ding with ead ather and forming bundies Thus more and thicker bundes
are produced with the inner tube.

Running at 1473K with stopped flow produced too many particleson substratesto
alow AFM imaging; nevertheless nanctubes and bundes were sea in abou the
sane dundance asin experiments with flow. Effedive aeaof the nanctube grealy
excedls that of the nanoparticle of comparable weight, so they must move diff erently
in the gasflow.

Raman Data

Figure 4 dsplays a2D Raman image of a5 p x 5y areaonthe plate # 1 (with inner
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FIGURE 4. @) Tangential Raman mode of SWNT on pate #1. Indicated areaunder the pe&k was used
for mapping. b, ¢) Raman signal profilesaong X and Y axes. d) Raman intensity map of the 5 pm x
5umarea



tube). The image maps Raman intensity (area under the pes) of the 1590 cm™
SWNT linein 0.5u steps. Raman intensity distribution clealy indicaes an isolated
nanotube lessthan 2 umin size (experimental resolution). The sgnal is aurprisingly
strong for such a snal sample thus cnforming the importance of resonant
mechanism of Raman scdtering from SWNTs. We note that the Raman image does
not correlate with any of the AFM scans shown here. Neverthelessit demonstratesthe
patential of 2D Raman scans for detedion o isolated SWNTSs (ropes, in particular
with length larger than the lase spot size

CONCLUSIONS

In conclusion, the arrent measirements indicae the formation o longindividual
nanctubes and their coalescaceinto ropes The role of the inner tube is confirmed to
control the expansion d the alated pume and help their coalescace into bundes
The dfea of argon flow seens to help dstribute and dsspate bigger particulate
material. Raman data indicaes the nead for improvement of 2D mapping by
employing dfferent excitation wavelengths and pdarizaions.

ACKNOWLEDGMENTS

The aithors wish to adknowledge helpful suppat and encouragement from Bob
Hauge and Rick Smalley of Rice University.

REFERENCES

1. Files B. S. and Mayeaux, B. M., Advanced Materials and Processes 156, 47-49
(1999.

2. Saito, R., Dresséhaus, G., and Dresséhaus, M. S., Physical Properties of Carbon
Nanotubes, (Imperial College Press London, 1998

3. Dresséhaus, M. S., Dresséhaus, G., and Eklund, P. C., Science of Fullerenes and
Carbon Nanotubes (Academic Press San Diego, 1996.

4. Yakobson, B. |., Samsonidze, G. and Samsonidze, G. G., Carbon 38, 16751680
(2000.

5. Duederg, R. S., Muster, J., Kradic, V., Burghard, M. and Roth, S., Applied
PhysicsA67, 117120(1999.

6. Liu, J., Rinzler, A. G., Dai, H., Hafner, J. H., Bradley, R. K., Boul, P. J.,, Lu, A.,
Iverson, T., Shelomov, K., Huffman, C. B., RodriguezMadas F., Shon, Y-S., Leg
T.R., Colbert, D. L., and Smalley, R. E., Science 280, 12531256(1998.

7.Yu, M-F., Files B.S,, Arepalli, S. and Rudff, R. S, Physics Review Letters, 84,
55525555(2000.

8. Arepalli, S., Nikolaev, P., Holmes W., and Scott, C. D., Applied Physics A 70,
1251332000.



